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ABSTRACT 


This report describes the design and operation of a 
relatively economical, single crystal, frequency synthesizer 
that generates the required local oscillator frequencies for 
commercial AM and FM broadcast receivers. Selection of a 
desired station is accomplished by electronic programming 
sw pushbutton control. Fine tuning is not necessary. 
Receiver frequency drift is not significant because the 
Yesil oscillator frequency is crystal controlled. Low-cost 
medium-scale integrated circuits and a large-scale 
JjuBegseted circuit (LSI) are the building blocks of this 
synthesizer. 

Frequency synthesis techniques, elements of the system 


design and experimental results are also presented. 
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Ic LINERODUCTEON 


B OBJECTIVE 

Of interest is the design and construction of a frequency 
synthesizer for a commercial AM/FM radio, which uses inte- 
grated circuits to minimize size and cost and which provides 
the user with precise and versatile electronic programming 


of the desired station's frequency. 


B. BACKGROUND 

In conventional AM/FM radio receivers, it is necessary 
poc: a knob for station or channel tuning. This 
electromechanical system generates the appropriate frequency 
of a local oscillator by means of an inductance-capacitance 
oscillator. The problems involved in "knob-tuning" are: 

1. Accurate tuning depends on the user's hearing 
capability. 

2 tnewoutomt of a COmtinucusly tunable local oscillator 
(LO) is subject to frequency drift which means occasional 
retuning may be necessary. 

Stable, rapid and accurate frequency selection is 
available today using frequency synthesizers. In general, 
all devices generating frequencies which are rational 
Malemples (Or nearly rational multiples, in the case of 


Wi--spellation, ete.) of a standard input frequency are 


de 





called frequency synthesizers, irrespective of the actual 
frequency changing process involved. 

The frequency synthesizer is a tunable oscillator 
having exceptional qualities such as: 

l. Long-term stability equal to that of one or a few 
reference signals (which can be very stable). 

eee Pertect resettability. 

3. An extremely large frequency range (decade 
synthesizers). 

4. Incremental tuning independent of the value of the 
output frequency. 

Frequency synthesizers, therefore, function as oscil- 
lators and in many respects perform better than continuously 
tuned oscillators. An outstanding advantage of frequency 
synthesizers, in these times of automation, is their 
adaptability to remote and digital tuning and compatibility 
wlth computer control. 

Because they are able to generate a large number of 
frequencies in a broad frequency band with considerable 
precision, frequency synthesizers are used in many 
measuring applications (frequency comparison, phase 
measurement, etc.). And they form an indispensable part 
of the instrumentation in standard frequency and time 
laboratories. 

In radio communications, the use of frequency synthe- 
Sizers in transmitters is a well established technique. 
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The introduction of digital synthesizers and integrated 
circuit (IC) technology in the mid-1960's paved the way 
for their widespread use in receivers. With the present 
State of the art, use of a communications system in which 
all the carrier and heterodyning frequencies used in the 
transmitter and receiver are derived from primary (atomic) 
Standard is conceivable. 

Today, many commercial television receivers have 
pushbutton tuning which is possible through use of a 


frequency synthesizer. 


C. SUMMARY OF THE RESULTS 
Www -dguenecy synthesizer having the following charac- 
teristics was designed, built and tested. 
(1) Mng range: 955 kiz to 2055 kHz for AM 
Vr TeMizwteo 97.2 Mi2 for EM 
(2) glecrronie tunable in 10 kHz steps (lll channels) 
fom AM and 200 kHz steps (100 channels) for FM. 
(3) Frequency stability of + 30 Hz or 0.0042% for AM 
Bud ofr £ 400 Hz or 0.00082% for FM. 
(4) Spurious outputs better than -30 db for AM and 
ES db for PM. 
(5) Estimated volume of final package that contains 
pave mea S is 75 cm” 
(6) Estimated cost of the synthesizer in mass production 


TA ISSO, 
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Results of this research clearly show that a PLL, in 
conjunction with a programmable divider, can be used as a 


frequency synthesizer and maintain frequency stability. 
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Il  EFEREQUENGY SYNTHESIS 


E. PREDUENCY SYNTHESIS TECHNIQUES 
Frequency synthesis techniques can be identified as 
either 
l1. Incoherent synthesis 
2. Coherent direct synthesis 
3. Coherent indirect synthesis 
I. Incoherent Synthesis 
Incoherent synthesis utilizes essentially the 
method of successive heterodyning. The exact manner in 
which output frequencies are generated from input fre- 
guencies in incoherent synthesis varies depending on the 
application. Output frequency range, value of the smallest 
Frequency increment, frequency stability and accuracy, 
level of the spurious outputs, size, cost and power 
consumption are factors governing the choice of design. 
The main goal of this technique, though, remains the same 
in all cases--to minimize the number of crystal and basic 
building blocks such as oscillators, mixers, and filters. 
2. Coherent Direct Synthesis 
The main difference between incoherent and coherent 
synthesis is the number of frequency sources utilized in 
the process of frequency generation. In the incoherent 


synthesis approach there are numerous crystal-controlled 
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oscillators; in the coherent direct synthesis approach, 
only one reference source is used. Hence, the stability 
and accuracy of the output frequency in this method are 
the same as the stability and accuracy of the reference 
source. This feature makes coherent direct synthesis 
attractive. 
3. Coherent Indirect Synthesis 
Coherent indirect synthesis utilizes the principle 
of feedback to generate frequencies in increments. The 
technique, known as phase-locking, differs from coherent 
direct synthesis in many respects. The system analysis 
of coherent indirect synthesis centers on an investigation 
of phase-locked loop (PLL) stability and acquisition. 
Mixers, multipliers, dividers, and filters are used in 
synthesis, but so also are voltage-controlled oscillators 
(VCO's), programmable dividers, phase detectors and 
frequency discriminators. The main problem associated 
with coherent indirect synthesis techniques is dynamics 
of the feedback network (loop stability and acquisition). 
By providing small-size, light-weight equipment that 
consumes little power, these techniques exhibit many 
advantages not offered by coherent direct synthesis. 
Coherent indirect synthesis techniques can be grouped as: 
a. Analog phase-locked loop synthesis 


b. Digital phase-locked loop synthesis 


| 





a. Analog phase-locked loop synthesis 
Fig l is a Block diagram of an SE PLL 
frequency synthesizer where the expression  ) mf_ ¿PR 
describes an input signal with a high en 
The harmonics of the signal that are passed by the filter 
one at a time are x,t Loe through Xf ef The rest of the 
harmonics suppressed by the filter are denoted as R. The 
frequency of the VCO, p is downconverted and compared 


to the reference frequency, f When the difference 


ref' 
between these two frequencies is small, the phase detector 
generates a slowly varying AC voltage, which is passed by 
the lowpass filter, and pulls the VCO into lock. Under 
locked condition, the output of the phase detector is a 
DC voltage whose amplitude and polarity are determined by 
the amount and direction of phase displacement between the 
reference and downconverted VCO signals. The lowpass 
fiter (Often a combination of a lowpass filter and lag- 
lead network) changes the amplitude and phase of individual 
Signals passing through it as a function of the working 
frequency to achieve stable loop performance. 
b. Digital phase-locked loop synthesis 

A technique which is of considerable current 
interest is the digital phase-locked loop synthesis. The 
Basie fomm of a digital PLL is shown in Fig. 2. The loop 
consists of a VCO, variable-ratio frequency divider, phase 


comparator, and lowpass filter. The VCO output is divided 
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and compared with a stable reference. Error voltages 
derived from the phase comparator maintain the VCO on 
frequency. Frequency selection is accomplished by a 
Geaammel selector (the control panel), which varies the 
division ratio of the frequency divider. For locking to 


OGCUE, 


£ = N-f e) 


where N is an integer. 
Eq. (2.1) indicates that the smallest frequency 
increment generated by the loop is equal to the reference 


Frequency, f The important characteristics offered 


ref” 
by a digital PLL are small size and low DC power consump- 
tion. At low frequencies, when slow-speed integrated 


circuits are used, DC power drain is very small, making 


the digital synthesizer suitable for battery operation. 


B. AM/FM RADIO FREQUENCY SYNTHESIZER REQUIREMENTS 

The synthesizer of interest must generate the required 
local oscillator frequencies for AM and FM broadcast bands 
which are about 88 MHz apart. 

The AM broadcast band consists of channels 10 kHz wide 
seazeing at 500 kHz. Therefore, the carrier for the first 
channel is at 500 kHz, and the carrier for the last channel 
is at 1600 kHz. The receiver local oscillator must 
generate frequencies separated by 455 kHz from the broadcast 


2i 





frequencies to accommodate the receiver intermediate 
frequency (IF) amplifier. Therefore, the local oscillator 
Brequencies required are 955 kHz to 2055 kHz with 10 kHz 
channel spacing. A list of all the required frequencies 
for all the stations in the AM broadcast band is a part 
et Wable I in section IV.A. 

The FM broadcast band occupies 2 MHz between 88 MHz 
and 108 MHz. There are 100 channels which are spaced 
200 kHz apart. The carrier for the first channel is at 
88.1 MHz and the last carrier for the last channel is 
LO? 9 MZ. Again, to keep. the IF frequency at 10.7 MHz, 
the local oscillator frequency should be 10.7 MHz from 
the carrier frequency. If the lower band is chosen, the 
local oscillator frequencies required are 77.4 MHz to 
b 2emMiz with 200 kHz channel spacing. A list of all the 
required frequencies for all the stations in the FM 


Broadeast band is a part of Table II in section IV.A. 
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III. SYSTEM DESIGN 


A. CONSIDERATIONS LEADING TO A BLOCK DIAGRAM 

It is first necessary to choose the proper technique 
for the desired freguency synthesizer among the frequency 
"miEnesis techniques mentioned in Chapter I. Initially, 
the technigues which utilize a single reference source were 
considered, in order to rely on the stability and accuracy 
of a single crystal oscillator. Between the choices of 
direct synthesis and coherent indirect synthesis, both of 
which met initial requirement, the latter was chosen because 
of its advantages such as phase noise, switching speed, fre- 
quency increments, small size and light weight [Ref. 1]. 

Once the PLL technique is chosen, the question EE E 
a single loop for both AM and FM bands arises. In that case, 
every part of the PLL loop shown in Fig. 3 is to function 
in the same way for AM and FM, under the constraint of 
operating in two different frequency bands which are about 
88 MHZ apart. The problems associated with the frequency 
requirement are discussed in the following paragraphs for 
EM the parts of the loops 

B® emerence Frequency 

DM > nted out in section 11.A.3.b ot this report, 


Mw orjer for locking to occur, 


È = N >f (221) 
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which means that frequencies may be generated which are 
integer multiples of the reference frequency. Hence, the 
same reference frequency should be able to generate the 
AM and FM local oscillator frequencies. A 5 kHz frequency 
is the largest possible reference which will generate the 
AM local oscillator frequencies from 955 kHz to 2055 kHz 
with 10 kHz channel spacing and the FM local oscillator 
frequencies from 77.4 MHz to 97.2 MHz with 200 kHz channel 
spacing. This is so because 5 kHz is the least common integer 
NECMUOr Of 955 kHz, 965 kHz ... 2055 kHz. 
2. Phase Detector 
Phase comparison is accomplished at a reference 


frequency f. There are many reasons for making the phase 


ef” 
detector frequency as large as possible. Phase noise, 
switching time, and spurious frequency modulation (FM) at 
e are among the most important considerations [Ref. 1l]. 
Group loop currents, which present a problem below approxi- 
mately 5 kHz, are another reason for making -— large. 

In the design of this particular synthesizer, the 
largest possible reference frequency of 100 kHz for FM was 
lowered to the largest reference frequency of 5 kHz for AM 
to utilize the same phase detector as shown in Fig. 3b. 

Ee on e Concrolled Oscillator (VCO) 

The most severe constraint on the single loop AM/ 

FM frequency synthesizer is the VCO due to its tuning range 


and linearity. If a single VCO were to be used in the loop, 


it would require linear operation over a 100 MHz tuning 
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range. Such a VCO would have a conversion gain of to) Hz volt 


where 
Kg = Conversion Gain = Frequency band in the linear region 


Control voltage range that provides 
the linear operation 


- 100 MHz _ 7 
10 V (Assumed) 10 Hz/volt 


This means that the control voltage step required between 


3 voltes which 


any two adjacent channels in AM would be 10° 
every difficult to control. There are two ways to have 
different tuning ranges for each broadcast band--by elec- 
tronic switching of the elements of the VCO or by using two 
Separate VCO's. It was decided to use two VCO's because 
me Simplicity and reliability of operation. The 
—Wce-ncsizer involving two VCO's is shown in Fig. 3b. 
+ «Lowpass Filter 

The transient performance and the frequency response 

of the PLL is dependent upon the phase detector conversion 


gain K the VCO conversion gain K, and the choice of the 


a 0 
filter (Ref. 2]. As shown in Fig. 3b, there is one phase 


detector and there are two VCO's with different conversion 


o AM), Kg (FM). What happens in the performance of 


the loop with two separate Ko 5 is that one of the two 


gives poorer performance for the 


gains K 


calculations using each Ko 


loop. The Ko which causes that performance is taken into 
account in determining the elements of the loop filter which 


are considered in section B.4 of this chapter. 
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5 Programmable Divider 


Mo required division ratios, to achieve the AM and 
FM local oscillator frequencies using a 5 kHz reference 


frequency, are given below: 


AM: Local oscillator frequencies 935 kiZ7 EG" ZUSORERZ 


pilon ratios = 191 to. 20 


mer. Local oscillator frequencies Du de H2 to79 26 MITZ 


Division ratios = 15,480 tO 19,940 
JES 


The maximum division ratio is less than 2 Using sour 


four-bit programmable dividers, division by any integer up 
BO 219 is possible. Hence, the desired division ratios are 
easy to implement, providing programmable frequency dividers 
spie available at frequencies up to 100 MHz. Since this is 
uot ehe case, then “for FM it is necessary to down convert 
the signal between the FM VCO and programmable dividers. 
The approach to down conversion used here 1s prescaling of 
the FM VCO output frequency by a fixed high speed divider 
until the programmable divider range is reached. In this 
brogect, frequency division by P = 20 is used to keep the 
200 kHz channel spacing compatible with the 10 kHz AM channel 
spacing. The block diagram of the synthesizer design at this 
put is shown in Fig. 3c. 
Germe trucilon amd Operation 

The required reference frequency is 5 kHz. Since 

the crystal oscillator design is somewhat difficult and 


expensive at low frequencies, a high frequency crystal 
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deil lator followed by a divider circuit should be used. 
In order to generate the reference signal to be used in 
pe pase detector, the output of the crystal oscillator 
ag divided by L. 

The next step in the design of the PLL is selection 
of the specific IC's. After all of the available PLL inte- 
grated circuits were taken into consideration, only a large- 
scale integrated circuit (LSI), which contained a reference 
oscillator, a reference frequency divider, a phase detector, 
and a programmable divider, was chosen because of its rela- 
tively small size and low cost. 

The design of the electronic programming part of 
the system is a straightforward digital process whereby a 
column of channel selection switches set by the operator 
controls the programmable divider. 

Bere and circuit of each part of the system are 


given in the next section. 


Be SWESWSTEM DESIGN 

In this section the design and performance of the sub- 
systems of the digitally tuned AM/FM radio synthesizer of 
be. 3d are presented. 

W "garage Controlled Oscillator (VCO) 

The MC 1648 is an emitter-coupled oscillator, con- 

Serweted oñ a single monolithic silicon chip. The oscillator 
requires an external parallel tank circuit consisting of 


am inductor (L) and capacitor (C). 


29 





A varactor diode, Motorola MV 1404, is incorporated 
ENCOSNEHe tank circuit to provide a voltage variable input 
eemeene Oscillator. The connection of the varactor diode 
and other circuitry external to the MC 1648 differs for the 
AM VCO and FM VCO. 

a. AM VCO 

Fig. 4 is the schematic diagram, and Fig. 5 is 
ee transfer characteristic of the AM VCO. The VCO is in- 
tended to operate from 955 kHz to 2055 kHz. The actual 
operating range has to be determined by considering the worst 
case transition from one frequency to another. In this de- 
Sign, an acceptable frequency overshoot of 25% was chosen. 
This now places the AM frequency band for the LO in the 
Bange 716 kHz to 2568 kHz. 

The VCO design in the range of 716 kHz to 


2568 kHz starts with the resonant frequency formula [Ref. 3] 


O „SE (3.1) 
Zn» c 
merne VEO circuit of Fig. A, the value of the 


emk circuit capacitance C is Co + En where 


Co “Meo  InbUe capacitance of the MC 1645 and 


Ch = the varactor diode capacitance. 


The value of Cm changes according to the voltage applied. 


Fig. 6 shows the variation of Cm Witch voltage, 
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Feemerg. (3.1), 





where: 


MM — —r—— Km 


Solution for LC gives 


RL mM) (pF) < LC < 49.402 (mH) (pF). 


Picking L = 0.3mH gives 


1228 (DE) 


IA 


e (pF) 


Geli) 


| ^ 


CE LB 


The limits of the capacitance, C correspond to the reverse 


m’ 
Www voltage of the MV 1404 from l volt to 7.5 volts which 
are found by means of the varactor diode's voltage-capaci- 
tance characteristic (Fig. 6). To obtain a sine wave at 
che OUEpUt, a resistor is added from the AGC circuit (pin 5) 
memogscoume, (Fig. 4). 


The conversion gain, Kor which is simply the 


slope of the transfer characteristic, can be calculated as 


ami SE, ) 6 
_ E _ 
Ko = U EE = AA 1,427,998 Rad/volt sec. 


34 





D: FM VCO 
The schematic diagram and the transfer character- 
istic of the FM VCO are shown in Fig. 7 and Fig. 8 respectively. 
The frequency range is the only difference in 
the design of the FM VCO from that of the AM VCO. The LO 
frequency range for FM is 58.05 MHz to 121.5 MHz when 253 


overshoot values are included. From Eq. (3.1) 





where: 


58.05 MHz < È Ss I ZI MZ. 


solution for LC gives 


DL Me (UB (PE) < LC 27.516 (uk) (PE) 


Picking L = 0.1 uH gives 


I SO DE) 


|^ 


ciato. Lo ei) 


11.16 (pF) «s C, < 69.16 (pF) 


From Fig. 6, it is necessary for the reverse bias voltage of 
weer vearactor diodes to vary from 3.1 volts to 7.5 volts in 
order to obtain Ch within the limits given above. To extend 
the useful frequency range of the device a 1 kohm resistor 


Meded to the AGC circuit at pin 5 as in Fig. 7. 
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Tne conversion gain, K is calculated from 


07 
ENS. 8 as: 
è _ E) 
0 EV. 
258 (92-82) x109 6 
"e Sosa ^ = Mio xi Rad./volt-sec. 


These ie awariatlon of the output frequency 
due to internal noise of the MC 1648. The plot of this 
variation is given in Fig. 9. The analysis of the frequency 
response of the closed loop shows that the noise component 
in the VCO above the loop natural frequency, we will pass 
unattenuated and those below will have the same degree of 
Suppression as seen in Fig. 10. Therefore, the VCO internal 
noise must be considered when the loop natural frequency is 


chosen. 


e R oFErenee Oseallakor, Phase Detector, Programmable 


Divider 

The PLL frequency synthesizer used in this project 
mę a monolithic metal gate CMOS integrated circuit identi- 
fied as MM 55110. Fig. 11 shows the circuit functions and 
pin connections. The device operates from a single power 
Supply and contains an oscillator with feedback resistor, 
divider chian, a binary input programmable divider with con- 
trol logic for transmit mode [~ (M+91)] or receive mode 
[CM] and the necessary phase detector logic. (The device 


can be used in double IF or single IF systems.) 
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The MM 55110 uses a 10.24 MHzeswartz crystal to 
determine the reference frequency, and it has a selectable 
0 SE mo divider chain which gives either a 10 kHz or 
a kHz reference frequency. The selection of reference fre- 
quency is made by use of the FS (Frequency Select) pin. 

Signal leyel at pin 2 in Fig. ll may be l volt peak- 
to-peak. An internal amplifier adjusts the input signal 
Reve! tO “that required by the programmable divider circuit. 
We watyider circuit divides the input frequency by M « 1023 
EM reeesve mode (M « 1114 in the transmit mode). Selec- 
tion of M and hence station selection is accomplished by 
mechanical switches or by external electronic programming 
of the programmable divider which is done in this project 
using a PROM (Programmable Read Only Memory). 

Inputs to the programmable divider are binary sig- 
nals having a high level above 6 volts. Operational ampli- 
fiers were used to amplify the 4.3 volts high level voltage 

5 PROM outputs to the 7.5 volts high level voltage of 
the programmable divider inputs. 

The phase detector output voltage is inversely re- 
MWetea to the frequency of the input signal. This output 
has a high impedance state when in the lock mode. The Lock 
Detector output (LD) also goes to a high statae under lock 
condition. From the phase detector's voltage-phase charac- 


teristic shown as Fig. 12, the phase detector conversion 


gain Ka je calculated as: 
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= H L quss) 
Ka = a ^ = LM = 0.549 VOLE, RAG. 
3. Prescaler 


em CL integrated circuit chip MC 12012 and a TTL 
integrated circuit chip MC 3060 (= 2 circuit) are used as 
a fixed, divide-by-20 prescaler to accomplish the down con- 
Besen of the FM VCO output to the range from 3.87 MHz to 
4.68 MHz. The MC 12012 alone could have been used as a 
fixed divide-by-10 prescaler, if the practical upper limit 
(7 MHz) of the working range of the programmable divider 
in the MM 55110 would have been close to its theoretical 
mere 10.23 MHz. The prescaler circuit is shown in Fig. 13. 

4. Lowpass Filter 
As mentioned in Appendix A, the transfer function 


of the loop filter used in this project is 


1 +ST, 


BS) = TEST, (A-3) 


The loop transient response, whose psecifications 
are settling time and maximum overshoot, determine the filter 


coefficient T. and T5. Reasonable values for the transient 


response are assumed to be 
Maximum overshoot < 25% 


Settling time (t) = 10 msec 


Formulas developed in Appendix A are used to calculate the 


filter elements Ri: R3 and C: 
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Gps) N 2E 
eo? © e (A-12) 
d Nu? CR Kp Cu 
DE N 
R = S =- (A-11) 
2 Cw, CK iKo 
2G N 
C = eee (A-13) 
Row, RakgBo 


The values to be used in the above formulas are: 


Ko = 1,427,998 Rad/volt-sec for the AM VCO 
Ko = ls. 3108 Rad/volt-sec for the FM VCO 
Ka = 0.549 Volt/Rad 
N = N = 411 for the AM loop 

max 
N = N = 19,440 for the FM loop 

max 


5, w, are obtained from Fig. 14 using the response 


specifications. 


It is apparent that there are two different sets of 
values (Ko, N) to be used in the calculations of the filter 
element values which should be the same for both of the loops. 
The procedure uses filter element values calculated by 


choosing K, and N values for one loop. Then, these values 


0 
are used to determine the transient response (settling time 
and maximum overshoot) of the other loop. A result is that 


the AM loop provides slower response with higher overshoot 


44 





Normalized Output Response 





Fig. 14. NORMALIZED TRANSIENT RESPONSE OF THE 
PHASE-LAG-LEAD FILTER 
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than the FM loop. Therefore, the worst-case design requires 
use of the AM VCO conversion gain and maximum division ratio. 
Prom rig. 14 it is seen that a damping ratio © = 0.8 
will produce a peak overshoot less than 25% and will settle 
GeewLenin SS at SR. = 4.6 radians. Since the required 


settling time (t_) is 10 msec, then the natural frequency 





EH is 
s = — = we = 460 Rad/sec 
With assumed R, = 10 kohm, solving Eqs. (A.12) and (A.13) 
EST R. and C gives 
Ry = 20.5. konm 
C = 0.2954 F 


To check if the calculated filter elements above 
satisfy the transient response for the FM loop, we first 


solve bas. (A./) and (A.8) for Wh and £ to obtain 


= = 603 Rad/sec 
E ISO 
Wien, Grom Fig. 14, the 
Maximum overshoot = 18% 
Setting time (t_) = sec. 
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Obviously, the initial requirements of the transient 
response are met also for the FM loop. 
5. Station Programming Circuit 

As mentioned in the specifications of the MM 55110, 
selection of a channel can be accomplished by external 
electronic programming of the programmable divider. The 
main consideration in designing the programming circuitry 
is to obtain a fast and correct response from the channel 
selection switches with a division number provided at the 
iis OE the#MM 55110. The station programming circuitry 
Gemeusts of six parts. 

em  REJEEt16n S%Witches 

Switches provide appropriate logic levels to 

IC's for the desired loop (AM and FM) and channel number. 
An array of ten pushbutton switches represents the decimal 
numbers 0 through 9. Selection of one channel from the 
100 possible channels in FM or lll channels in AM is accom- 
plished by first resetting the channel to 000 with the push- 
button station reset switch, and then by pressing in sequence 
the pushbutton switches representing the digits of the de- 
sired 3 digit channel number. For example, to select station 
59, press switch labeled 0, then that labeled 5 and then the 
one labeled 9. An AM/FM switch selects either the AM or the 
loop. 

b. Switch Debouncing 

Unpredictable outputs of the switches due to 


switch bouncing are avoided by using RS latches to debounce 
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the switches electronically. Each time a switch gets pressed, 
the debouncing circuit gives only one high-to-low pulse to 
the encoder. The RS latch debouncing circuit is shown in 
Pec. 15. 
C. JENCOdEr 

ehe encoder transforms the decimal value of the 
channel selection switch to a four bit BCD number and passes 
the 3 decimal digit channel number through 3 latches where 
lt is used as an address to the PROM. 

d. Shift Register and NAND Gate 

To select the 3 digit channel number, the same 
Channel selection switches and the ecnoder are used three 
consecutive times. After every digit, the output of the 
encoder is stored in a different latch to allow the next 
digit to be transferred to the encoder. Enabling only one 
latch at a time is accomplished by the shift register and 
the NAND gate. The NAND gate gets four inputs from the 
encoder and one input from the channel selection switch "0". 
Its output is the clock signal to the shift register. Also, 
serial data to the shift register is always "1". The shift 
register can be cleared by the station reset switch. The 
enable lines to the latches are taken from the first three 
outputs through inverters. Fig. 16 represents this circuitry. 
Met, the shift register is cleared and that enables all 
the latches. . Secondly, whenever one of the channel selection 


switches is pressed, the NAND gate activates the shift register 
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so that the data "1" is applied to the shift register. 
Although the first decimal digit of a channel number is 
taken as data to all altches, as soon as the switch is 
released, the first latch retains the data while the others 
are returning to the decimal digit "0". The next time, the 
second and third latches take the second digit determined by 
the pressed switch, but only the second latch holds the data. 
Finally, the third digit is received by only the third latch. 
Latch enabling order and the system timing diagram are shown 
ww ig, 17. 

e. Latches 

Latches are used to hold the BCD value of each 
channel number digit until another channel is selected. 
ane Encoder and latch circuitry are shown in Fig. 18. 

£. Programmable Read Only Memory (PROM--1024x8) 

The PROM serves as a Table Look-up, and it has 
the outputs of the latches as an address. It converts the 
channel number in BCD to the corresponding division number. 
The product of that number and the reference frequency is 
the AM output frequency corresponding to that particular 
channel number. In FM, the multiplication also includes the 
fixed modulus P which is 20. 

The channel numbers used for AM and FM are the 
same. With the use of the same reference frequency, the 
division numbers out of the PROM must be different for the 


AM and FM frequencies. That distinction is achieved by 
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Spplyinq "I" for FM and "0" for AM to the most significant 
bit of the PROM address. That makes the first 512 addresses 
available to AMand the second 512 addresses to FM. The 
Block diagram of the PROM (2708) is shown in Fig. 19. 

g. BCD/7--Segment Decoder/Driversand Displays 

There are three docoder/driver and display groups. 

They display the three digit channel number chosen by the 
channel selection switches. The first display group is 
designed in a way such that it can display either the digit 
zero or one, which is all that is needed for the first digit 
of the channel number. The second and third groups are 


capable of displaying the numbers 0 through 9. 


59 





EM yl WONd gı br 


HOLIMS 
WA/WY FHL 
SAHOLYI JAHL HOYA SLOdNI NOYA LNdNI 
Oy ly Cu Ey Vu Sy Jy Lu By 
Oy 
( 8OŁZ ) WOUd 
85 T 
ö 
Lo 35 53 de Es Co 
MOT MOT AO NOT MOT MO MOT MOT 
A sole iM: 22 N 0 10: 10/2100 
dWV-dO 
85 Lo 235 35 Pa to 6o 15 


HYAdIAIQG ATIAUWWVHDOUd AHI Ol 


54 





IV. SUMMARY OF OPERATION AND PERFORMANCE CHARACTERISTICS 


MM. SYSTEM OPERATION 

In this section, the operation of the synthesizer is 
discussed. The subsystems are described in the preceding 
Chépter. Fig. 20 is a block diagram of the complete fre- 
Teny Synthesizer with the programming circuit. Fig. 21 
and Fig. 22 are the complete schematic diagrams of the syn- 
thesizer and the programming circuit respectively. 

In operation, programming the desired output frequency 
is accomplished by setting the selection switches to the 
appropriate channel number. The channel number is read 
dammwectly on the LED displays. Fig. 23 is a schematic dia- 
gram of the display circuit. The variable division ratio N 
Met equal to W for AM and equal to M.P for FM. 

The synthesizer loop oerates as follows. The phase 


detector compares the phase of the input signal (£, ) with 


ef 
ENSE Ot the VCO signal divider output. The output voltage 
of the phase detector, shwon in Fig. 24, passes through the 
loop filter, which suppresses the high frequency components, 
and then to the control element of the VCO which changes 

its frequency in such a way that the phase difference be- 
tween the input signal and the local oscillator output when 
frequency divided by N is reduced. The synthesizer output 


frequency is shown at various frequencies in Fig. 25 and 


mig. 26. 
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Inc. OUTPUT OF THE PHASE DETECTOR AT LOCK 


(yere Horizontal: 0.1 ms/dlv., 
Vertical: 2 V/div.) 
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Channel 001 

Frequency = 955 kHz 
Horizontal = 1 usec/div. 
Vertical = 0.2 V/div. 





Channel 055 

Frequency = 1495 kHz 
Horizontal = 1 usec/div. 
Vertical = 0.2 V/div. 





Channel 110 

Frequency = 2055 kHz 
Horizontal = 1 usec/div. 
Vertical = 0.2 V/div. 


z 


I 





Fig. 25. OUTPUT OF THE AM VCO 
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Channel 001 

Frequency = 77.4 MHz 
Horizontal = 0.01 usec/div. 
Vertescal = 0.5 V/div. 


Channel 050 
Frequency = 87.2 MHz 


Horizontal = 0.01 usec/div. 
uerbprcal 0.5 V/div. 


Channel 100 

Frequency = 97.2 MHz 
Horizontal - 0.01 usec/div. 
Vertrcal-sw0455 V/duEavs 





EIA OU LEE O TNEPEM VECO 
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PRE "M VCO signal at En is divided by a fixed modulus 


UE 
P and downconverted before it is applied to the variable- 
BN rccr hs Operation is shown in Fig. 27 and Fig. 28. 


AM and FM station local oscillator (LO) frequencies are 


given in land Tabie II respectively. 


bi EXPERIMENTAL RESULTS 

The performance characteristics of the digital phase- 
locked loop frequency synthesizer are summarized in Table III. 

As shown in the output frequency section of Table III, 
the output frequencies are off of the desired frequencies 
in proportion to the accuracy of the center frequency of the 
reference. However, that much difference does not cause 
any problem in the IF amplifier bandwidths of 10 kHz for 
AM ae 200 KHZ for FM. Stability of the output was deter- 
mined only in short time intervals (less than two hours), and 
ee eo De 250 Rz for AM and +400 Hz for FM for the 
bred board circuit. 

The second harmonic of the AM output frequency is 30 db 
down from the fundamental as seen in Fig. 29. The presence 
os pS second harmonic can result in the reception of un- 
desired strong stations especially in the first eight 
channels (up to 1025 kHz). In conventional AM radio re- 
ceivers, a radio frequency filter precedes the mixer. The 
filter center frequency is shifted as the receiver is tuned 
in order to avoid reception of "image" stations. Such radio 


frequency filtering will also suppress reception of unintentional 
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Goannet 001 FM 

Feequency = 7.74 MHz 
Horizontal = 0.1 usec/div. 
Vertical = 1 V/div. 





meg. 27. OUTBWT OF THE MC 12012 SHOWN IN FIG. 13 


Channel 001 

Frequency = 3.87 MHz 
Horizontal — 0.1 usec/div. 
Vertical = 2 V/div. 





EM. 255 OURPUT OF THE MC 3060 SHOWN IN FIG. 13. 
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TABLE I 


AM STATION LO FREQUENCY GENERATION 


Table Contents: 


000 
001 
002 
003 
004 
005 
006 
007 
008 
009 
010 
GAEL 
wrz 
013 
014 
91:5 
016 
017 
018 
01.9 
020 
WZ 
022 
023 
024 
025 


E 


B 
er 
D 


Channel Number 

Address to the PROM 
(Hex) 
(KHZ) 


Memory Content 


Output Frequency 


E 
GE 
SE 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
6A 
6B 
6C 
6D 
6E 
OT 
70 
AL 
9v 
25 
74 
75 
76 
77 


D 
2075 
935 
SGD 
959 5 
985 
955 
1005 
POS 
1.025 
4035 
1045 
105 5 
1065 
1075 
ROSE 
1095 
1440:5 
MLS 
ls 
DIES 
1145 
1158 
1165 
ere 
1185 
MESAS 


66 


(Hex) 


A 
26 
Ee 
28 
29 
30 
31 
32 
35 
34 
35 
36 
37 
38 
99 
40 
41 
42 
43 
44 
43 
46 
47 
48 
49 
50 
Dal 


B 
026 
027 
028 
0:29 
030 
AER 
032 
033 
034 
035 
036 
057 
038 
039 
040 
041 
042 
043 
044 
045 
046 
047 
048 
049 
050 
(EE 


C 
78 
79 
7A 
7B 
Tie 
7D 
VE 
1E 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
8A 
8B 
8C 
8D 
8E 
8F 
90 
9L 


D 
1205 
172215 
1225 
172,35 
1245 
255 
1276 5 
BZ 5 
1285 
1295 
SUE 
ENO 
NSZ > 
NSS D 
1345 
1955 
1965 
HSE 
1955 
17395 
1405 
121.5 
1425 
1435 
1445 
1455 





52 
53 
54 


052 
053 
054 
055 
056 
057 
058 
059 
060 
061 
062 
063 
064 
065 
066 
067 
068 
069 
070 
071 
OF 2 
073 
074 
075 
076 
077 


32 
35 
94 
35 
96 
97 
98 
99 
9A 
9B 
SC 
9D 
JE 
Oo 
AO 
Al 
A2 
A3 
Ad 


A6 
A7 
A8 


b 5 2 


1465 
1475 
1485 
19:95 
1505 
oS 
1525 
1553 
1545 
1555 
1565 
1573 
1585 


1595. 


1606 
jp 
1626 
156.35 
1645 
1655 
1665 
1675 
1625 
1695 
1705 
1713 


TABLES I (CODE. ) 
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A 


78 
79 
80 
8l 
82 
83 
84 
85 
86 
o 
88 
89 
90 
Oh. 
92 
93 
94 
> 
3.0 
97 
98 
99 
100 
TOL 
102 
103 
104 
105 
106 
107 
108 
109 
TIO 
EF 


078 
079 
080 
081 
082 
083 
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TABLE IILI 


ERERRETERTSTICS OF TRE SYNIHESIZER 


Characteristics Remarks 

l. Frequency Range: l. Tunable in 10 kHz steps in 
BEE KHZ" (AM) AM and 200 kHz steps in 
77.4 MHz to 97.2 Miz (FM) FM. 

2. Frequency Selection: 2. The synthesizer is tuned 
PL eeceronically tuned by an electronic pro- 


eranmiıng circuit actuated 


by pushbutton switches. 


3. Output Waveform: 3. Output voltage (AM)> 0.8 
Sine wave volts peak-to-peak 
(cz) output 


voltage EM]: IoT volts 
peak-to-peak (Fig. 26). 


4. Reference Frequency: 4. Center frequency of the 
erc 2052000 ll kHz crystal oscillator is 
10.240255 MHz (measured). 


The crystal temperature 


coefficient is 107” 
parts /w€. 
5. Omeoeue Precquency: 5. The AM output frequency 
Gn.06L (AM) = 955.921 KHz + 20 Hz is given by: 
Gr 055) (Am) = 1495.032 kHz +. 30 Hz e = Nxf 
QUE ref 
Chill (GM) = 2055.045 kHz + 25 Hz Ap OIN EHE 
Ch.001 (FM) = 77.40169 MHz + 300 Hz The FM output frequency 
(51050 (FH) = 87.20197 MEZ + 300 Hz is given by: 
th.100 (FM) = 97.20214 MHz + 400 Hz È =Nxf 
OWE ref 
~ DNE ee 


MU JOY KAZ 
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ELE III (Cont.) 


6. Gi@e@e term Stabili-y: 6. Mime short term stability 
Ch.001 (AM) = 0.0042% is given by: Af/f ut a. 
Ch.055 (AM) = 0.0040% of output frequency where 
Ch.lll (AM) = 0.0024% Af is defined as total 
Ch.001 (FM) = 0.00077% variation of the output 
Ch.050 (FM) = 0.00080% frequency 
Ch.100 (FM) = 0.00082% 

7. Power Requirements: Dee ENE 2L, Fig. 22 
Wel = +5. volts ENG. FYg. 23. 
vezw- +8 volts 
Ves) = +5 volts 
Vcd — -5 volts 
Ve T= 12 volts 

8. Spurlous Level: 

CEO ape — =30 db (second harmonic) 
Ch.055 (AM) = -30 db (second harmonic) 
Ch.lll (AM) = -38 db (second harmonic) 
Ca emye = -48 db (3.87 MHz off of the Ee. 
Cn So (FM) = -45 db (4.36 MHz off of the bosa 
Ch.100 (FM) = -46 db (4.86 MRzweocz'o[ the f out! 


Photographs of the output spectrum at various channels 


are shown in Fig. 29 and Fig. 30. They are taken from a 


Hewlett Packard Spectrum Analyzer model 141A with plug-in 


units? 8 


Yı rey Section, 6552 A IF section, and 141S 


display section. 


SC 














Channel 001 
Frequency = 955 KHz 
Scan Width = 0.5 MHz/div. 
Bandwidth = 100 KHz 
Vertical = 10 dB/div. 


Channel 055 
Frequency = 1495 kHz 
Scan Width = 0.5 MHz/dlv. 
Bandwidth = 100 KHz 
vermk al = 10 db/div. 


Channel 110 
Frequency = 2055 kHz 
Scan Width = 0.5 MHz/div. 
Bandwidth = 100 kHz 
vertical = 10 db/div. 


MA 29. SPEGTRUMNSOF THESAM"VCOMOUTPUT 
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Channel 001 
Frequency = 77.4 MHz 
scan Width = 2 MHz/div. 
Bandwidth = 300 kHz 
Vertical = 10 db/div. 


Channel 050 
Frequency = 87.2 MHz 
Scan Width = 2 MHz/div. 
Bandwidth = 300 KHz 
Vertical = 10 db/div. 


Channel 100 
Paeeueney @- 97.2 MHZ 
Scan Width = 2 MHZ/div. 
Bandwidth = 300 kHz 
Vertical = 10 db/div. 





muc 20.  SPESWRUM OBFZTNE EM VCO 


73 





Stations caused by the second harmonic of the frequency 
Synthesizer output. 

In conventional AM radio receivers, to shift the center 
Brzenenev of Che radio frequency (RF) filter, the capaci- 
eines OL Che filter is varied by turning the shaft of the 
tuning knob. In the receiver which utilizes a PLL frequency 
somOReSizer, the'voltage out of the phase detector can 
Replace the tuning knob to provide a control voltage to 
vary the capacitance or resistance of a radio frequency 


tı Pter. 
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VW.” CONCLUSIONS 


The proposed design of the system was successfully 
implemented. Individual blocks of the system were designed 
and built on a breadboard. The AM and FM synthesizer 
operated as intended. A picture of the breadboard system 
is shown dmeFige Jl 

The use eoEiiiieegracted circuits is important. These IC 
chips provide for system portability due to their small 
sizes and power requirements. The circuit power can be 
supplied by batteries. The ruggedness of IC's reduces 
Susceptibility to damage, and their low cost keeps the 
overall system price low. The VCO's have exceptional 
stability, and the digital PLL provides a means of frequency 
synthesis with a higher degree of stability than can be 
obtained with the use of some other frequency synthesizers. 

It was found that using an LSI chip was very useful, 
because the reference frequency divider and the programmable 
Givider In the MM 55110 did not introduce phase noise into 
the loop because they are contained in a shielded package. 

The spurious outputs at the FM VCO output are caused 
by ineęerterence from the output o£ the MC 3060 — 2 IC. 

This interference can be reduced with shielding. Overall, 
the fabrication of this synthesizer should have the following 


features: 
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Ce EE or 2meernal circuits to prevent inter- 
ewt other circuits and to prevent energy leakage 
to the outside environment. 

(2) Isolation of various circuit stages to prevent 
undesirable feedback and coupling. 

(3) Power line filtering to attenuate propagation of 
RF signals. 

(4) Using a separate ground bus for digital and analog 
ERFeEUDES , 

(5) Well regulated power supplies with filtering 


to remove AC signals from the power bus. 
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APPENDIX A 


DESIGN THEORY 


Basically, a digital frequency synthesizer is a frequency 
source whose output is an integer multiple of an input 
reference frequency. A phase-locked loop (PLL) circuit 
provides stable operation. The basic components of a phase- 
locked loop frequency synthesizer, shown schematically in 
Bag. Al, are the voltage controlled oscillator (VCO), phase 
detector (PD), lowpass filter and programmable divider. 


In Fig. Al, 


Ka = Conversion gain of the phase detector (Volts/Rad.) 
Ko = Conversion gain of the VCO (Rad./Volts-sec) 

Wi = Input signal frequency (Rad./sec) 

2; (S) = Input signal phase (Radians) 

Ze SI = Error signal phase (Radians) 

Wo = Output signal frequency (Rad./sec) 

KS © = Output signal phase (Radians) 

BIS)  -WEdNSfer function of the loop filter 


The transfer function of the system shown in Fig. Al 
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Further, 





1 
$ (S) S+ KR KFS) [= - 1] 
2 u 8 " d o N E 
$.(8) = 1 H(S) = Ss — (A 2 
S + N F(S) 


BeGeme eee nc further, it is necessary to specify 
the loop filter F(S). Its task is to attenuate fast changes 
Me e error due tO morse in the input signal; it also 
helps to smooth out the high-frequency components of the 
phase detector output and feeds DC control voltage into VCO. 
wee wd ec oi attenuctlon on high frequency components is 
possible by making the lowpass filter bandwidth narrow. The 
narrow bandwidth also reduces the noise fed into the VCO, 
resulting in a good spectral purity at the VCO output. 
However, if the bandwidth becomes too small, the loop will 
Mec "ee gele to acquire lock. A tradeoff should be done to 
Satisfy these conditions. In this project a phase-lag-lead 


filter was used, as shown in Fig. A2. 


meg. AZ, PHASE-LAG-LEAD LOWPASS FILTER 
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mie trams fer function of this filter is: 


l + ST, 
P(S) = TEST (A- 3) 
dÉ 
where 
T, = C (Ry E R^) (A-4) 
T, = CR, (4-5) 


"een substeitueing in Eg. (A-1), the loop transfer function 











becomes 
RAR 
2, (st, + ı) 
OI 2 
o A are _ -6 
s R E S ls ‚go We 
Ti Mee NT, 


Because the highest power of S in the denominator of the 
transfer function is two, the loop is a second-order loop. 
We this transfer function Ka and Ko are fixed numbers asso- 
ciated with the phase detector and VCO, and N is variable 
between Ram and Ness. determined by the desired output fre- 
quency. The system characteristics then will be determined 
by the filter coefficients Ti and T, as usual. Both Wr 
Mare e ney, and c, Gampling factor, are particularly 
important in determining the transient response and stability. 
Comparing the denominator of the transfer function with the 
normalized standard second-order characteristic equation, 

2 2 


S * 250.8 + W+ H and ¢ can be found in terms of system 


variables as: 
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W = RAKA ND, (Rad./sec) (A-7) 


RK 


> = LNG KK d 0 S 
> = NTR RIL T, I (A-8) 





Yom EG. (A-/) and Ege (A-8), T. and T. are found to be: 








m 2 
K.K 
N w 
ZE N 
T AEST (A-10) 
2 GE KaKo 


In transient response, the desired overshoot and the 
settling time between channels determine the damping ratio 
and natural frequency respectively. Type two second-order 
step response curves (Fig. 14) are used to specify Wo and 
GL. Each response is plotted as a function of normalized 


time Qt. Once a and Z are found, synthesis of the filter 








is relatively straight-forward. Since Ti = C (R; + R.) and 
Tj = CR, from Eqs. (A-9) and (A-10), actual capacitor and 
resistor values may be computed as: 
Ze N 
R = <—- - + (A-11) 
2 Cw CK 3K, 
RZE 
ei: dE Ee 
CNw aro "e 
=. aan JE = 
E © RED RERSK (AT I3) 
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In these equations, N = Eo MUST BENUSEG, since it 
represents the worst case (Maximum overshoot occurs at 


Lom which is minimum loop gain). 
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